Micrometric 2D arrays of Ba(NO 3 ) 2 were spontaneously produced on a glass substrate through crystal growth induced by evaporation of water from viscous solutions containing polyvinyl alcohol (PVA). Specific trigonal microarrays were formed when the {111} face of Ba(NO 3 ) 2 was parallel to the substrate. Aligned triangles, honeycomb frames, and thin rod arrangements were obtained by adjusting the concentrations of Ba(NO 3 ) 2 and PVA. The formation of the particular microarrays is achieved through zigzag growth of the cubic crystal in the thin polymer matrix.
Introduction
Microfabrication technology is highly important in a wide variety of application fields. In general, top-down approaches using high-cost facilities are utilized for the fabrication of microscale patterns and architectures. Recently, bottom-up approaches involving self-assembly and self-organization are attracting much attention as an alternative route for microscale fabrication. The formation of various 2D patterns in micro-and nanoscale is achieved through a sort of bottom-up technique.
1)10) Controlled crystal growth has potential as a useful bottom-up patterning method to fabricate particular periodic patterns.
Several kinds of dendritic structures were formed through branching growth of inorganic crystals in a diffusion field.
11)25)
Periodic patterns of metallic tin and lead crystals were produced by electrodeposition through spontaneous electrochemical vibration. 18) Zigzag patterns of CsCl and NH 4 Cl crystals were observed in an agar matrix. 24) Fibonacci patterns were formed on the SiO x shell/Ag core structure. 25) However, these techniques lack versatility because formation of these patterns is attributed to the specific property of the substances. In the present work, we show spontaneous microarray formation on a substrate through crystal growth in a polymer matrix as a novel bottom-up fabrication route.
Various branching morphologies, such as dendrites and diffusion-limited aggregates, are formed through crystal growth under diffusion-limited conditions. However, it is generally difficult to control the morphology and patterns for production of the specific architectures. In previous works, 11) the morphology of inorganic crystals grown in organic gels or viscous solutions was found to depend on the polymer density. Polyhedral single crystals change into randomly branching morphologies through regular dendrites as the polymer density increases. In this case, the morphology of crystals is controllable with the gel matrix. However, crystal growth has been hardly utilized as a patterning process.
Here, we apply the dendritic growth in gel matrix to bottom-up fabrication of 2D micropatterns. The formation of microarrays was achieved on a glass substrate through dendritic Ba(NO 3 ) 2 growth induced by evaporation of water from viscous solutions containing polyvinyl alcohol (PVA). Ba(NO 3 ) 2 and PVA were used because of their handling ability and weak chemical interaction with each other. The crystal habit is not influenced by the presence of PVA, the role of the polymer is only the diffusion limitation. The cubic crystals commonly provide orthogonal structures originating from the unit cells. However, we found particular 2D microarrays consisting of trigonal units in a thin polymer layer when the crystal was arranged in a specific direction on the substrate. The formation mechanism is discussed on the basis of the deviation of the crystal growth direction under a diffusion-limited condition.
Experimental procedure
A certain amount (0.509.0 g) of Ba(NO 3 ) 2 (Wako Pure Chemical) was dissolved in 100 g of purified water, and PVA (Junsei Chemical, Mw: 22000) powder (0.013.0 g) was then added in the resultant solution at about 80°C. The initial concentrations of Ba(NO 3 ) 2 ([Ba(NO 3 ) 2 ]) and PVA ([PVA]) were changed to adjust the preparation condition for the pattern formation. After PVA was completely dissolved, 5 cm 3 of the precursor solution was poured on a glass slide in a polystyrene open vessel (inside dimension: 35 mm © 64 mm © 9 mm), and it was maintained at 25°C in a thermostatic chamber. The relative humidity in the chamber was around 30%. The initial thickness of the solution was ca. 2 mm in the vessel. The concentration of Ba(NO 3 ) 2 gradually increased with water evaporation, and crystal growth then proceeded on the glass plate. Finally, we obtained micropatterns on the substrate after evaporation of water in 48 h.
We observed the crystal morphology with a field-emission scanning electron microscope (FE-SEM, Hitachi S-4700). Structural analysis for the products was performed using an X-ray diffractometer (XRD, Rigaku MiniFlex II) with Cu K¡ radiation. (Fig. 2) . From the shape of the edge of a branch surrounded with {111} [ Figs. 1(c) and  1(d) ], the growth direction of the dendrites is identified as ©100ª
[ Fig. 1(e) ]. In this case, however, the dendrites were monolithic and not composed of micro units.
Formation of trigonal arrays consisting of micro units
As shown in Figs. 1(f ) and 1(g), specific patterns having trigonal branching were occasionally observed on the substrate. The intense {111} peaks suggest that the {111} face of the crystal composing the specific patterns was parallel to the substrate (Fig. 2) . The array patterns varied with the PVA density as shown in Fig. 3 . At a relatively low PVA density ([PVA] = 0.1 g/100 g water), a micropattern consisting of aligned triangle units 100 mm in size was observed. A honeycomb frame was observed with increased PVA density ([PVA] = 1.0 g/100 g water). Finally, thin rod arrays based on a triangle arrangement were obtained at a relatively high PVA density ([PVA] = 2.5 g/100 g water). The average size of the units in the arrays decreased with increased PVA concentration. Figure 4 shows the detailed structure of the triangle units in the arrays. The macroscopic growth direction of the whole pattern was ©211ª [a yellow arrow in Figs. 4(a) and 4(c)]. The daughter units were formed by the growth of two ©100ª directions of the mother unit [white arrows in Fig. 4(c) ]. The pattern with three-fold symmetry was achieved with trigonal branching through the zigzag growth in the ©100ª direction. Finally, the microarrays were formed when {111} was parallel to the surface. Figure 5 shows the details of the honeycomb-like network. The unit shape composing the frames was deformed as the PVA density increased. Basically, the frames grew in the ©100ª directions [white arrows in Fig. 5(c) ]. On the other hand, the network expanded in the ©211ª direction on the substrate [a yellow arrow in Figs. 5(a) and 5(c) ]. The honeycomb architecture was finally produced through periodic zigzag growth. Figure 6 shows details of the thin rod arrangements formed at a relatively high PVA density. The rods elongated in the ©100ª directions are arranged with three-fold symmetry. Because the frequency of branching increases with increased PVA density, the fine arrays are constructed with the thin rods whose {111} is parallel to the substrate.
In the 2D thin polymer matrix, the growth direction is critical to controlling the morphology of crystal. Figure 7 shows a schematic illustration of the side view for the growth of ordinary dendrites and honeycomb or triangle arrays. When the {100} is parallel to the substrate, the ordinary dendrites with orthogonal branching were formed through growth in four equivalent ©100ª directions. On the other hand, specific arrayed architectures consisting of micro units were produced when the {111} was parallel to the substrate. The crystal grew in two ©100ª directions microscopically. The trigonal patterns composed of specific arrays were constructed through zigzag growth in the thin matrix.
The formation of the specific micropatterns occurs when the {100} is not parallel to the substrate. The direction of nuclei is important for the pattern formation. In general, the nuclei whose {100} is mainly produced on the substrate and the number of the nuclei whose {111} is parallel to the substrate are restricted. The control technique of the crystallographic direction of nuclei on a desired location is required for the formation of microarrays through crystal growth.
Conclusions
We successfully fabricated 2D micrometer-scale arrays consisting of trigonal units with a size of several hundred micrometers on a glass substrate. Various microarrays were formed through crystal growth of Ba(NO 3 ) 2 in a thin matrix of poly(vinyl alcohol) by drying the polymer solution. The formation of the particular microarrays is ascribed to zigzag growth of the cubic crystal in the thin polymer matrix when the {111} face of Ba(NO 3 ) 2 is parallel to the substrate. Journal of the Ceramic Society of Japan 121 [7] 555-558 2013
